Type II DNA topoisomerases actively reduce the fractions of knotted and catenated circular DNA below thermodynamic equilibrium values. To explain this surprising finding, we designed a model in which topoisomerases introduce a sharp bend in DNA. Because the enzymes have a specific orientation relative to the bend, they act like Maxwell's demon, providing unidirectional strand passage. Quantitative analysis of the model by computer simulations proved that it can explain much of the experimental data. The required sharp DNA bend was demonstrated by a greatly increased cyclization of short DNA fragments from topoisomerase binding and by direct visualization with electron microscopy. T ype II topoisomerases are essential enzymes that pass one DNA through another and thereby remove DNA entanglements. They make a transient double-stranded break in a gate segment (G segment) that allows passage by another segment (T segment) of the same or another DNA molecule (reviewed in refs. 1 and 2). Thus, these enzymes have the potential to convert real DNA molecules into phantom chains that freely pass through themselves to generate an equilibrium distribution of knots, catenanes, and supercoils.
T
ype II topoisomerases are essential enzymes that pass one DNA through another and thereby remove DNA entanglements. They make a transient double-stranded break in a gate segment (G segment) that allows passage by another segment (T segment) of the same or another DNA molecule (reviewed in refs. 1 and 2). Thus, these enzymes have the potential to convert real DNA molecules into phantom chains that freely pass through themselves to generate an equilibrium distribution of knots, catenanes, and supercoils.
The actual picture is more complex and more interesting. The observed steady-state fractions of knotted, catenated, and supercoiled DNAs produced by type II topoisomerases are up to two orders of magnitude lower than at equilibrium (3) . Thermodynamically, there is no contradiction in this finding because the enzymes use the energy of ATP hydrolysis. Active topology simplification by topoisomerases has an important biological consequence. It helps explain how topoisomerases can remove all DNA entanglements under the crowded cellular conditions which favor the opposite outcome. The challenge, though, is to understand how type II topoisomerases actively simplify DNA topology. Topology is a global property of circular DNA molecules, and yet it is determined by the much smaller topoisomerases, which can act only locally.
Two models have been suggested to explain active simplification of DNA topology. First, if type II topoisomerases corral the T segment within a small loop of DNA containing the G segment, active disentanglement would result (3). However, it was pointed out when this model was suggested (3) that to account for the large effects observed, the loop trapping would need substantial energy input from ATP hydrolysis for the transport of the DNA along the enzymes, and these enzymes are energetically efficient (4) . Moreover, no direct experimental data supporting the model have been presented.
Second, a kinetic proofreading model proposed that two successive bindings of T segments are required for strand passage (5) . The first binding event converts the enzyme bound with a G segment to an activated state. An assumption of the model is that segment collision in the knotted state occurs about 1͞P k times more often than in the unknotted state, where P k is the equilibrium probability of knotting. Our computer simulations below show that this assumption is incorrect.
Here we suggest a model simpler than either of these two for the action of type II topoisomerases (6) . Using computer simulations, we show that our model can explain much of the experimental data. We also describe experiments which demonstrate that a eukaryotic and a prokaryotic topoisomerase have a key feature of this model: they bend DNA sharply upon binding. We conclude that the mechanism we describe is used by type II topoisomerases to actively disentangle DNA.
Materials and Methods
Computer Analysis of the Enzyme Action. Circular DNA was modeled as a discrete worm-like chain consisting of N rigid cylinders of equal length, as described in ref. 7 . The values of the model parameters were for DNA in a 0.2 M NaCl solution. Hairpin and straight G segments were modeled by four and two adjacent cylinders, respectively, which maintained their geometry during the simulations, as shown in Fig. 1 Left. The Metropolis Monte Carlo procedure was used to simulate the equilibrium set of DNA conformations (7) . A particular topology was preserved during a simulation run by rejecting all trial conformations that changed chain topology. The topology of each conformation was determined by calculating the Alexander polynomial ⌬(t), for t ϭ Ϫ1 (8) . The fraction of the chains that have a segment juxtaposed with the G segment was estimated by direct inspection of the constructed sets. A segment was considered to be juxtaposed with a G segment if all distances between the ends of the testing segment and the ends of the G segment were less than a distance o , and the angle between the tested segment and the plane of the hairpin (or between the tested segment and the straight G segment) was larger than o . Although the probabilities of juxtaposition depend on the values chosen for o and o , for sufficiently small o the ratio of the probabilities for knotted and unknotted chains does not depend on this choice. In most of the calculations, we used o ϭ 14 nm and o ϭ 35°. Local deformations of the chain, as diagramed in Fig. 1 , were used to determine whether strand passage would change the topology of a particular conformation. Visual inspection of numerous examples showed that the deformations do provide passage of the T segment through the G segment. After the deformation, the topology of the new conformation was determined by calculating ⌬(Ϫ1). Sets of up to 10 9 DNA conformations were simulated to obtain statistically reliable estimations of the required parameters. sequence were prepared by using the PCR and HpaII digestion. The digested DNA was purified by gel electrophoresis and end-labeled with 32 P by using T4 polynucleotide kinase. Ligation was conducted at 16°C in 20 mM Tris⅐HCl, pH 7.0͞20 nM DNA͞30 mM KCl͞100 g/ml BSA͞1.8 mM ATP͞10 mM MgCl 2 , and 8 units͞l T4 DNA ligase. In half of the reactions, 100 nM purified topoisomerase IV (9) was added 5 min before the addition of ligase. At measured times thereafter, samples were removed, the DNA was purified and analyzed by gel electrophoresis, and the extent of the reaction was quantified with a Fuji phosphorimager. The measured relative amounts of circular monomers, C(t), and linear dimers, D(t), were used to calculate j factors, a measure of cyclization efficiency, as
where t is the reaction time and M o is the initial concentration of the DNA fragment (10).
Electron Microscopy (EM). pBR322 DNA (200 ng) was incubated with either 10 ng of yeast topoisomerase II or 60 ng of Escherichia coli topoisomerase IV in 20 mM potassium phosphate (pH 7.5)͞80 mM potassium acetate͞2 mM 2-mercaptoethanol͞5 mM MgCl 2 ͞1 mM ATP͞20 g/ml BSA for 5 min at room temperature. The purified yeast enzyme was provided by J. Lindsley (University of Utah, Salt Lake City, UT). After incubation, the samples were fixed by treatment with 0.6% glutaraldehyde for 5 min, adsorbed to thin carbon foils, washed with water and ethanol, air dried, and rotary shadowcast with tungsten (11). Samples were examined in a Philips CM12 electron microscope at 40 kV. Images on sheet film were scanned with a Nikon LS4500 film scanner and processed by using Adobe PHOTOSHOP software.
Results
The Model for Topoisomerase Action. Pulleyblank suggested (12) that in simplifying DNA topology, type II topoisomerases work like Maxwell's famous demon, who sits near a door that separates a box into two parts, each part containing a gas. The demon opens the door only for molecules moving in one direction and thereby shifts the system away from equilibrium. The demon must consume energy to perform its work. The type II topoisomerases can harness the energy of ATP hydrolysis and promote passage of DNA in one direction relative to themselves (13) (14) (15) . Thus, these enzymes share a basic feature with the demon of converting chemical energy into unidirectional DNA movement. However, simplification of DNA topology would not result if the enzymes bind DNA without distortion. DNA is locally straight, and all axial orientations of the enzyme bound to the G segment, and thus relative to the whole DNA, would have equal probability. Instead, we suggest that type II topoisomerases create a local asymmetry in DNA upon binding, so that the unidirectionality of strand passage could shift the system away from equilibrium. We suggest that the DNA asymmetry results because type II topoisomerases bend the G segment sharply upon binding, forming a hairpin as diagramed in Fig. 2 . The enzyme would then have a specific orientation relative to the hairpin, and we suggest further that the entrance gate for the T segment is located inside the hairpin. Thus, during topoisomerization, the enzyme would transfer the T segment from inside to outside the hairpin (Fig.  2 ). This directionality of strand passage is only local, because the hairpin can have any orientation relative to the DNA chain. Surprisingly though, our quantitative analysis of the model shows that it leads to a large decrease of the steady-state fraction of knots and catenanes compared with the equilibrium levels.
Computational Analysis. We present our method of analysis of the effect of type II topoisomerases on the fraction of knots in circular DNA in detail and just outline below the comparable results for catenanes. The calculation used a circular DNA 7 kb in length. We considered unknotted chains and the simplest knot, the trefoil, which is the only one detected in the experiments that showed active simplification of DNA topology (3). The steady-state concentrations of knotted and unknotted molecules reached in the presence of the topoisomerases, C k and C u , respectively, are related by the equation defining a steady state:
where k uk is the rate constant for conversion of unknotted molecules into knotted ones, and k ku is the reverse rate constant. We assume that the reaction is not diffusion limited, so that the probability of finding a potential T segment inside the hairpin formed by the G segment, P jux , is equal to the equilibrium probability of this localization in the absence of strand passage. In this case,
where r uk and r ku are the fractions of strand passages that change topology, P jux u and P jux k are the respective probabilities of juxtaposition of a potential T segment near the enzyme entrance for unknotted and knotted conformations, and A is a coefficient. The terms r uk and r ku need to be introduced because many strand passages do not change the topology of a nicked DNA molecule. Combining Eqs. 2 and 3, we obtain
Because all values on the right side of Eq. (4) can be estimated well by computer simulation, we can calculate the steady-state fraction of knotted molecules. We performed such simulations for chains with both hairpin and straight G segments. For straight G segments, Eq. 4 should give the well established equilibrium fraction of knots (3). This calculation provided some insight into the computational results and served as an internal control for the validity of the computational approach. We modeled DNA molecules as discrete worm-like chains and used the Monte Carlo procedure to generate equilibrium sets of chain conformations. Previous studies showed that the DNA model and simulation method give reliable quantitative descriptions of large-scale conformational properties of DNA (see ref. 16 and citations therein). The G segment was modeled as a short region whose geometry did not change during the simulation (Fig. 3 ). Using the algorithm described in the previous section, we selected conformations from the constructed set in which a second segment was properly juxtaposed with the G segment to become the T segment, thus yielding P jux . These conformations were further analyzed to determine whether strand passage would change their topology. The values of P jux k , P jux u , r ku , and r uk for a 7-kb DNA are shown in Table 1 .
The simulations showed that for a DNA chain with a hairpin G segment, the steady-state fraction of knots, C k ͞C u , is reduced by a factor of 14 compared with the results for DNA with a straight G segment (Table 1) . This is a surprisingly large effect because the hairpin occupies such a small portion of the DNA chain (see Fig. 3 ). The decrease in the fraction of knots from the experimentally observed equilibrium value for five different topoisomerases varied from 5 to 90 (3); the reason for the variation in the efficiency of topology simplification is unknown. Although the calculated 14-fold decrease in knots is smaller than the maximum experimental value, we believe that this result nevertheless supports our model. Because there are approximations in the computational analysis, we cannot expect quantitative agreement with the experimental data. The reasonable agreement between the calculated steady-state fraction of knots for a model chain with a straight G segment and the directly simulated equilibrium fraction (Table 1) confirms the validity of our analysis.
Both P jux k ͞P jux u and r ku ͞r uk contribute to the reduction of the steady-state fraction of knots in our model (Table 1) . It was expected that P jux k would be greater than P jux u even when the G segment is straight, because knotted conformations are more compact, on average, than unknotted ones, and thus knotting promotes segment collision. It was not obvious, however, that P jux k ͞P jux u would be larger for a molecule with a hairpin G segment than for a molecule with a straight G segment. The chain conformation shown in Fig. 3 helps to understand this important result. One can see that two of three crossings that define a trefoil are made by the juxtaposed T and hairpin G segments. As a result, the rest of the chain has much more conformational freedom. Thus, the hairpin promotes juxtaposition of T and G segments in a knotted molecule by making such conformations more entropically favorable.
A similar argument explains why r ku ͞r uk is greater for a chain containing a hairpin, a result that also was not predicted. The value of r uk , which is small for a chain with a straight G segment, is even smaller when a strand passes through a hairpin. This is because a knotted conformation generated by the passage of a T segment through a hairpin G segment has a lower probability of appearance in the equilibrium set of conformations than one made by the passage through a straight G segment. Indeed, juxtaposition of a straight segment to the outside of a hairpin (see Fig. 2 , Right) typically makes no contribution to the crossings of a knot.
Type II topoisomerases also actively unlink catenanes, an activity critically important in the segregation of chromosomes. The computed steady-state fraction of the catenanes with a hairpin G segment was 4-fold less than the equilibrium one, which is in the range of experimentally observed values (3) .
If type II topoisomerases use our suggested mechanism, they must bend the G segment sharply. Because of conflicting data on this matter (17), we reinvestigated the issue by using the complementary approaches of DNA cyclization in solution and direct visualization by EM.
Effect of Topoisomerase II Binding on the Efficiency of Cyclization of
Short DNA Fragments. If the topoisomerase-DNA complex bends DNA, it must increase the efficiency of cyclization of short DNA fragments (18) . Cyclization efficiency is usually specified by the j factor, which is the effective concentration of one end of a DNA molecule in the vicinity of the other (see ref. 19 for review). We measured j factors for DNA fragments in the presence and absence of topoisomerase IV. T4 DNA ligase was added to seal Fig. 3 . Typical simulated conformation of a knotted DNA with a hairpin G segment (red). Another segment of the 7-kb model chain is inside the hairpin in this conformation, which was selected from the set generated by a Metropolis Monte Carlo procedure. P jux u and P jux k are the probabilities of juxtaposition of a potential T segment and G segment; ruk and rku are coefficients which specify the fractions of strand passages that change topology; P k is the equilibrium probability of knotting.
any joints formed. Fragments of eight different lengths, from 190 to 204 bp, were used in the experiments to account for the effect of torsional orientation of the ends of the DNA on j factor values. A representative gel is shown in Fig. 4A . The j factors are approximately 30 times higher in the presence of topoisomerase IV than in the absence of the enzyme (Fig. 4B) . Therefore, the binding of the enzyme strongly bends DNA in solution. The similar periodic variation of the j factor with DNA length with and without topoisomerase IV shows that the enzyme introduces a bend into the DNA rather than a swivel. We performed Monte Carlo simulations of j factors in the presence and absence of enzyme (see ref. 20 for details of j factor calculations). A bend angle of 130°gave the best fit with the experimental results (Fig. 4B) . We showed that both subunits of topoisomerase IV have to be present for DNA bending to result (data not shown). To determine whether bending requires ATP binding or hydrolysis, we measured cyclization in the presence of ATP or AMP-PNP (adenosine 5Ј-[␤,␥-imido]triphosphate, a nonhydrolyzable ATP analog) and in the absence of nucleotide. Because T4 DNA ligase requires ATP, these experiments were performed with E. coli DNA ligase, which is powered by NAD. The j factors obtained both in the presence of AMP-PNP and without nucleotide were identical, but were approximately 2-fold lower than the values obtained in the presence of ATP (data not shown). Thus, the large majority of the cyclization enhancement is independent of ATP binding or hydrolysis and occurs in the initial binding to DNA.
EM of the Enzyme-DNA Complexes. We provided direct proof of sharp bending of DNA by type II topoisomerases by using EM visualization of the complexes. Both enzymes usedtopoisomerase IV from E. coli and yeast topoisomerase IIcaused a sharp bend in relaxed circular DNA. Representative complexes are shown in Fig. 5 A and B. The bend angle varied, but angles larger than 90°were observed for about one-half of the complexes with both enzymes. In some cases, the angle appeared to exceed 180° (Fig. 5A) .
We looked next at complexes with (Ϫ) supercoiled DNA (Fig.  5, C-E) . Because the double helix is strongly bent at superhelix apices, the apices should be preferential points of protein binding if DNA is sharply bent by the topoisomerase. Indeed, we found that 89% Ϯ 4% of topoisomerase IV and 85% Ϯ 3% of yeast topoisomerase II molecules bound to supercoiled DNA were localized at the apices. The same strong preference for apical binding was found in the presence and absence of ATP. Thus, the EM data confirm and extend the results of the cyclization analysis. We conclude that the type II topoisomerases use the suggested mechanism to simplify DNA topology.
Discussion
Our data strongly support the model of topoisomerase II action based on sharp bending of the G segment upon binding and the specific orientation of the enzyme relative to the bend. It is important to emphasize that the specific orientation of the entrance gate of the enzyme relative to the hairpin is the major element of our model. Indeed, simulation of the equilibrium knotting probability shows that the presence of hairpins in DNA does not change P k for circular chains by more than 10% (data not shown). The steady-state fraction of knots is reduced dramatically in our model only because the enzyme catalyzes the strand passage reaction in one direction, from inside to outside the hairpin. If the reverse transport of the T segment were equally likely, the steady-state fraction of knots would equal P k .
Applying Eq. 4 to the model with a straight G segment, we determined whether P jux k ͞P jux u or r ku ͞r uk makes the equilibrium knotting probability, P k , so small. Table 1 shows that the major contribution comes from the very low value of r uk , the probability of forming a knot by strand passage, so that r ku ͞r uk equals 15. The higher probability of segment collisions in the knotted compared with the unknotted state, P jux k ͞P jux u , makes a smaller contribution of 3.3. The kinetic proofreading model for topology simplification by type II topoisomerases (5) can diminish the steady-state fraction of knots only by P jux k ͞P jux u , which is a very small gain compared with the values observed experimentally (3).
Our model also helps explain the paradoxical result that the intermolecular reaction of decatenation of (Ϫ) supercoiled catenanes by type II topoisomerases is greatly favored over the intramolecular reaction of (Ϫ) supercoil relaxation (9, 21) . If the enzymes are usually located at the apices of the interwound superhelix rather than at crossings, as we observed, it may be difficult for another segment of the same (Ϫ) supercoiled DNA to become a T segment. This juxtaposition can be done easily, however, by a segment of the linked molecule. Indeed, Roca and Wang (21) showed that in the unlinking of a heminicked catenane, the G segment is provided by the (Ϫ) supercoiled ring, and the T segment is provided by the nicked ring. Finally, the high resolution crystal structures of type II topoisomerases also 
